Monoterpene biosynthesis: mechanism and stereochemistry of the enzymatic cyclization of geranyl pyrophosphate to (+)-cis- and (+)-trans-sabinene hydrate.
The conversion of geranyl pyrophosphate to (+)-cis- and (+)-trans-sabinene hydrate by a partially purified cyclase from sweet marjoram (Majorana hortensis) is considered to proceed by the initial ionization and isomerization of the substrate to (-)-(3R)-linalyl pyrophosphate and the subsequent cyclization of this enzyme-bound tertiary allylic intermediate to the monocyclic (+)-(4R)-alpha-terpinyl cation. A 1,2-hydride shift and a second cyclization with water capture of the resulting cation complete the reaction sequence. [6-3H, 14C]Geranyl pyrophosphate, coupled with selective chemical degradation of the resulting sabinene hydrate products, was employed to demonstrate the hydride shift, while separate testing of the linalyl pyrophosphate enantiomers confirmed the involvement of the (3R)-antipode in the cyclization and indicated the cyclization of linalyl pyrophosphate to be faster than the coupled isomerization-cyclization of the geranyl substrate. (1R)- and (1S)-[1-3H, 14C]geranyl pyrophosphates, in conjunction with stereoselective degradations of the biosynthetic products to locate the 3H, were exploited to deduce that configuration at C1 of the substrate was retained in the reaction. These findings suggest the isomerization of the geranyl substrate to be a suprafacial process and the cyclization of the (3R)-linalyl intermediate to proceed via the anti,endo-conformation consistent with the stereo-chemistry of other monoterpene cyclizations and with chemical model studies. Sulfonium ion analogs of the presumptive linalyl and alpha-terpinyl cationic intermediates of the isomerization-cyclization sequence were shown to be potent inhibitors of the enzymatic reaction (Ki = 0.3 and 2.8 microM, respectively), and inhibition was synergized by the presence of inorganic pyrophosphate, indicating that the enzyme recognized and bound more tightly to these ion-paired species than to either cationic or anionic partner alone. Additionally, the enzyme was capable of ionizing (solvolyzing) the noncyclizable substrate analogs 6,7-dihydrogeranyl pyrophosphate and 2,3-methanogeranyl pyrophosphate. These results define the overall stereochemistry of the coupled isomerization-cyclization to sabinene hydrate, demonstrate the 1,2-hydride shift, and confirm the electrophilic nature of this enzymatic reaction type.